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S.i~•_i~r.oo,'. ?r :.,r i're i~i ~ni ho.-er stLudies .; have shown that the ii-
' : •,'- .* ;ia :."to' . 1 fli-., 1ntf ori• t ion with a pitorial terrain pr,:.,

. •: t • !•;.,,: .•i •., i," :"t ,i -- !. t€ d splay Is t::sefsi t r appr, , ,..

it mat:, t T.t! ,!I icu lt; I fi holdi ng po. it Ion In a manu., 3 *

huvt'r ;., reo.,ired tfidt ;"'-und position and rate me- displayed to ti.1-
, ti lttese s.a-. ytiJi,.. i ;was also shown that thie positioning errors.
.,, or•,r ,of S f-.*t ,zxc , and less. Although stic a figure might sa: -

r, :,:TrLtnnts for Medtvac aa. Ad.wanced Kelicopter (AAIf) hover mis.ions, It
'' j t• j rt :ie.v I ft HIt I i,',pter *HLH) miss;ion. Tn Increase the

r awc i.-., ,%id perh,•ns ,f.cr,.ai' pi, l w'rklbad. ncreltrntion informat I,,t

-td.P., * 1.*.- intgrattIr r .v Fr•ror DOi'.pla- (ITF"). This new sim1rt)]
N,". i.,inarv t,-,•in* r 4, tv • ' :it , . m:i-pirig vrror. byt 5P p:r-ent and r t

".' . v.,rv iv'crii Id"i týý !: , ;ipIurctlt.ltatjoils in tOil displav. As a re-
, .,. ........... ,..ir;l. t i,, ,.... . ,,- . i.mactcai Avi n:tic., vy!tetnm S mulat,;

• w'.l ,_ondu-o.,, re anventrlate tbe nerits, of the ac,-eleratlon svmbcl.

b. 0bjecttv,. The obhective o," this qtudv wns to determine the appr, --

lt. display gains .or thL ac-ecrt ion, velocity, and poattion symbology at

,no.'tion oe thr,. different -ontrui systems, the Automatic Stahlfltatisn
.h p1mr (ASE), tht: .xbi 1 it ,A*•ntmntt on 3v:stem (SAS), .and the Hover Amg-
.,,iiion I;ystoe f:!ASS. The rt(•,•it •f tne study, opt.mitzed display gatns for
,.",ion ho'ver, would L- in rporat'ed into the Research Aircrait in Visual
ir,-nment (RAVI') prrJect prec-tsn hover flight tests.

S1.M4MARY OF RESULTS

-he results of the experiment have demonstrated that superimposed s,.•-
-logy cf ground referenced acceleration along with velocity and position Cn

.�.I',mage is required to obtain minimal hover position errors. Also, for
o-tain combinations of displayed gains, the hover position errors appeared to

?. independent of the flight control augmentation.

Several le'ieis of displayed vatns were Investigated and some of the r,.-
,.!ts reached are summarized as :ollows:

a. Acceleration, velocity, and position gains of 2ft/s 2 : 2.5 ft/s: 1>.5
t. respectively, per inch of symbol travel was found to be optimum.

b. The acceleration v'ector with the rTTh display washed out the effect
.f the different control augmentation systems.

c. Mean positic-n accuracies in the order of 1 foot and Iess can l.-ý h-
"._,,ed with manual control and the addition of an acceleration vector to the
:t,,.,grated Trajectory Frror Display (TEP).

.. Tso,,banos, C.; Covington, R., "Prwi•'Jiht teat Sfulatton of S•iperim. .
,,r'.rte,' r-TMectony Error Oiepla,/3,." Technical, Report ,ECOM ý4184, Jaiiuary. 197'.

";'Dukes, T. A.; Keane, W. P.; Tsoubano., C. N.M4 "litj, and sTuerimpfted
")Iog .. ) - /.), "'Itegrat(! r ;,r btitvrptere" ARS Confer1n9e3 .ashington.

1)(, Maoy 1973.



d. Displayed acceleration was useful in stabilizing the helicopter when
equipped with a Stability Augmentation System (SAS) rate feedback flight con-
trol system.

e. Approach velocity had to be restricted to less than 5 knots in both
axes before switching into the hover mode to avoid overshooting the target.

f. The average time required by the pilots to minimize the positional
errors before data collection was initiated was 25 seconds.

g. All subject pilbts were in favor of having the acceleration informa-
tion displayed, although they felt it made then, "work" harder.

3. SYSTEM DISCUSSION

a. Aircraft Model. The aircraft dynamics used in the man/machine simu-
lation represented a CH-53A linear perturbation model. The helicopter model
including a full Automatic Flight Control System (AFCS) with both heading and
altitude hold were programmed on analog computers in the Tactical Avionics
System Simulator (TASS).

The model was "flown" by the pilot by use of the standard flight controls,
cyclic, collective, and pedals. The aircraft state outputs were used to drive
the basic cockpit instruments; the four degree of freedom (roll, pitch, yaw,
heave) motion system for pilot motion cues and also a visual system. Random
gust disturbances were also injected into the model in the longitudinal and
lateral axes to achieve a more realistic simulation. These gust disturbances
were passed through a first order filter with a 0.3 rad cutoff frequency and
were idjusted to provide approximately 6 ft/s rms levels. Although they are
much h.,gher than previous experimentI, it was felt that since acceleration
wou1d be ,,ensltive to these gusts more severe valued disturbances were re-
quir,.d .* complet, system inzegration with the pilot in the loop is shown in
bloc, -.. 4-,,. as I1gure 1.

b. Control Systems.

(1) Stabil•ntton System (SAS). hN order to simulate the

SAS control system, the attitude loops of the AFCS in pitch and roll were dis-
engaged leaving a hasic SAS. This control system tended to be oscillatory in
tmoth axes and almost impossible to stabili~e under instrument flight. The
altitude-hold and heading-hold loops were engaged.

(2) Automatic Stabilizati•n n pment_ ), This control system
is the full AFCS as provided by Sikorsky Aircraft Company.

(3) H~over.Aujmentation Sy.tcm t ). The third control system used
in the experiment was the ILAS. The additional control augmentation was used
only in the longitudinal-lateral axis. The altitutde and heading-hold was de-
rived from the standard AFCS. The gains fur the WAS velocity, ra'.e and at-
titude feedback loops and those of the forward paths were selected by the
aanufacturer and experimenter, respectively.
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c. Displays. Since the pinta was an active controller in the experiment,
his environment in the cockpit was kept as near as possible to familiar Sur-
roundings. The~ instrument paniel contained the basic instruments found in most
helicopters. These included radar altimeter, airspeed, flight director, rate
of climb, heading, turn and bank. Power setting was provided, but no other
engine instruments were presented. These instruments were placed around a 14-
inch TV monitor (Figure -2) on which both it terrain video image representing a
38 by 48 degree field-of-view 'Ft)V) and the Integrated Trajectory Error Display
WIED),' shown in Figure 3. were superimposed. Although the simulation study
goal was deteryination of the acceleration, velocity, and position gain combi-
nations for minimum hover pos-itlon errors, the complete ITEDI symbology was
u:;ed in the approach to a hover maneuver to eliminate the scanning for atti-
tude, aititude, and rate of climb information since the approach mode was an
integral part of the experiment.

di. Sensors.

(1) Electronik L~ocation Finder (LFI). The EL1F system operates on
the priinciple that the phase shift of a ridio wave propagau~d ~Aruhspace is
proportional to the wavelength and the distance traiveled. The system measures
the phase difference at each of two pairs of accurately spaced receiving an-
tennas to determine the angle vf the sigtnal from the ground beacon. 3 This
technique is more commionly knot:wn as a phase-comparison interferometer.

The basic signals received by the, bodv mounted antennaF for angle me;cas-
urements are with respect to the nominal O~tuat ion when the he~lcopter is
hovering perfectly over the rad iat ion ýiourcv~. These -signals arve compensated
for roll and pitc~h attitudes. The resultant vharacrý_-ri.-tic is such that sat-
urat ion occurs -near _+45' angle of the bWWcon1 with rt-speot to the atitetinas both
lovitu~ditlal'v and laterally.' The sketch in Pigure 4. shows the LLF block dia-

Tn the moat 'itraightforiward homitig provedure, the helicopter is flowni
townrd the groutwd beacon by keeping tii luit'al deviat ion cietered- uhile the.
lonigitudiltal -idl atin, depotnding, at the aluitude, woiuld be (it f~ull scalcl.
The longitudinal indicato~r mtoe.eý off full -OWl onily whetni the distance is
.about. the s.amu ats the ~alt ttade. 1V *oth(erI W-ordsi, otive thle 1101 icter is in-'
si1de the So-calle'd +!is' VI cnu, hoth totqg tuial ind latvral deviationt;
-will octcur. lo order to .4impi i f the c-lv latiouls of the di!s.playe(d deviattios,

r ew,~drin th sauaiIonr~'r *V~,thv fol iuwingt small anglia appr lat~u
orv muhde for the Mensurv anglyjs:

Left, ilight ' X- + V~ + 14'

1Prelimitnary Techinical &-*nual, 2it~ roi

'Contact l.~~o~72ol1lP1lI/5361'-. Cubir Corporation.

T. A. D", es, September 1973.



OIL.



4 L

-I 'LI

I i Iio

-o-.

-4 .. Ell



Litw

Figure 4. ELF block diagram
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The sketch shown in Figure 5 indicates this simple geometry.

4,-

Grouad Velocity

Figure 5. Approach geometry

The saturation is approximated by limits when the above approximations
reach values of -1/2i7 The general nature of the relationships is still ra-
tainad with theýe simplificatious.

RHoever, for low level flight, the distance represented by the cone is
not sufficient for deceleration to a hover. Therefore, overshoots are gen-
erally unavoidable. A teclnique has been devised by T. A. Dukes to overcome
this problem. "

(2) Acceleration Sensor (-34 ). • The derivation of acceleration
was si.ulated to be pure acceleration as would be derived from the vertical
gyro VG-341. Althoogh the gyro ,s not simulated, its limits.were incorpora-
ted. assically, the VW-341 is a vertical gyro with a.celeroaeters mounted on
the pitch and roll gimbals. The gyrc- anigles within +66 the accelerometer is
linear aad provides the appropriate accecleration in the hori-ontal plane.
Since acceleration is gust sensitive and noisy, attitude which in not senti-
tive to the .high frequeoclea, vas also used in: the experiment. Only one coll
was included using attitude aud this cel .had approximately the same gains
as pure acceleracion.

W•G÷34! -Vertical Gyroscope - Sales Specsitation, Sperry Flight Systems
Division, Phoaeaix, .Arito.
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e. permental Design Plan.

(1) Background, This experiment was based on the results obtained
in a previous simulation' and a preliminary study investigation ef the accel-
eration vector. In this preliminary acceleration vector investigation, subject
pilot performance and comments indicated the acceleration vector a necessary
and required symbol for the precision hover task.

In the above mentioned simulation1 the results of one cell, 19, indicated
that when the position and velocity displayed gains were changed from 25 ft:
5 ft/s per inch tol2.5 ft: 5.0ft/s per inch pilot performance improved. How-
ever, the increased "quickening" forced the pilot to "work" or concentrate. 7.ire
at the gl.en task. The increased workload was not readily accepted by the sub-
ject pilots. Their general comment was to return to the "other case" or 25
ft:5 ft/s per inch displayed.

It was then felt that something should be added with enouglh lead time to
drive the pilot to increase his performance and yet not complain about the
workload. An additional result from pilot comment, which unfortunately was
overlooked, provided the answer as to what might be needed to drive the pilot
and also increase his performance. These subject pilots felt that while they
were in the hover mode, the attitude ieformation could have been of more use
if it was closer or even on top of the nominal hover point (Figure 6). What
the pilots were asking for was for something to give them lead information
higher than that provided by the velocity vector, or simply, acceleration.

A preliminary experiment was set up with pure acceleration driving the
velocity vector tip (Figure 3). In addition to the acceleration symbol, vel-
ocity and position were also displayed. In this preliminary experiment, the
pilots were enthusiastic about the acceleration vector concept; however, ad-
ditional experimentatior was required to provide the information as to its
usefulness. It was then determined that acceleration should be displayed with
respect to the tip of the velocity vector, With this display configurations,
the pilot positions the acceleration symbol on the position symbol and as long
as he keeps the acceleration symbol on the position symbol, the vector sum of
acceleration, velocity, and poasition will become superimposed on .each other as
the aircraft position errors are zeroed (Figure 7).

(2) Expertmental Design. The experiment was designed to aw-wet two
questi•es:

(a) What combinatiLon of displayed acceleration, velocity, and
position vector gamie provided best hover pol4tlon performance without sacri-
f icing pilot. ac-epteace?

(b) Can the display of acceleration inftrwation improve pilot's
hover perform4ace when the fligbt coatrol systaus are vari2d?

* With these two questionst in mlnd, the design pl~nwas tomlated.

!•:, i .9
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Acc:elerationl Vector lip) Position Symbol

~ \velocity Vector
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Four helicopter aviators were selected as subjects for this study; two
military and two civilians. Their experience ranged from combat to project
and teat Pilots. Although all were not qualified to fly a CH-53A, their ex-
perie~nce included other military aircraft similar to the CH-53A and for the
study in question it was decided that the aircraft model should not become a
factor in selecting the pilots. The control systems were selected on the basis
of what systems are presently available and future designs were not considered.
They included the full AFCS of the CH-53A, the HAS system, and a SAS system.

Two positions and two velocity gains were selected, 25 and 12 fWinch and
5 and 2.5 ft/s inch, respectively, on the basis of past studies.1 During the
preliminary tests, the acceleration vector gain (2.0 ft/s2/inch displayed) was
selected empirically such that it made the transition to the nominal hover
point critically damped. Using this acceleration gain as a base, three others
were sel eted. In all, the acceleration vector gains were 0, 1.33, 2.0, and
3.0 ft/al inch on the display.

The question of the high frequency gusts driving the acceleration vector
to a level that the pilot might object was throughly considered. Since pure
acceleration io sensitive to the high frequency components of th' gusts, an
alternative method of using attitude was used for the acceleration vector since
attitude would filter out the high frequency gusts components. It was decided
to use one level of attitude gain that closely approximated one of the pure
acceleration vector gains in the final selection of the cells. This attitude
gain was 4 deg/inch or 2.25 ft/s2 inch.

(3) Disturbanceps. One level of random winds were selected with a
mnagnitude severe enough to be reflected on the pure-acceleration display vector.
The random winds were digitally derived with a gaussian distribution and filter-
ed through a low pass filter with a,0.30 radian break frequency and adjusted to
give an rma value of 6 ft/a. Two independent generations were derived and were
recorded on tape. The gusts were Introduced in the longitudinal and lato'ral
equations of motion of the aimulated helicopter model. An analog recoding and
filter to shown In Appendix B.)

(4) Nisin The mission was designed as one that might have to be
performed within landing zone, or at a depot, in moving-containers from point
ýA to point I.-

Tha aircraft was trimmed at .100-foot altitude and. Aproximately 300) feet
from thes tat~t. The pilot wass Inst~ructed to make an approach to the target
or landi*8 saws a&W termninate in a hover altitude. After performing a 2-ainiuite
hover,* th. pilot ime presented with a new position signal on his display,-again
approximately 300 feet-twoy Once again the pilot had to-go froms hover to ap-
'broach by throwia& a toggle switch. on the collective. This switch controlled.
th. scal factort 1A velocity frou 20 knots per inch io approach to either
.5 or 2. 5 it/* !=h. In hover, and position from 25 ft/inich in approach to 12.5
f tilach is% hover. By having the pilot fly to two different areas, only one
TPrepiAtIOn Of eacb coll was used In the expe iet.

12



(•) Pi..... . •.ntrol. The pillot co. trolled data collection
c, u. tn,•:a•tt' ,'r~cA,.'qi; 11ice.r: -ibortion of a mission. It was the in-

ientiosi to ,rb :h,, p.toi: '..-cide when iis position errors were minimized to
Lit ctWCct....:k l IV-ol to tnitiate data c-Ilection. Therefore, at his discretion,

de:,re.sed a monIentftir, switch on the cyclic to initiate data collection.

:iit.e it wb vxpected that tle Liri e for initfalIzIng the hover mode to
.,-,,•. -ollertion would vary between corntrol systems, this time was also record-
, as another variable. The pilots were unaware that a timing measuring device
*,,. being used until the end of the txperiment. Pilot comments were also re-

,ded by an observer.

ý6) P fi,. •raininA. All four sulject pilots were used in the TASS
.:-aror in pri,), simulation -qtudies. Three of the four-had flown the panel
.oulited icrav -it. the superimposed sv'mbology, the fourth pilot had flown
",,,•oyy wit ýout -erraiii and an earlier ,,erslon uf the TTFD.6 However,

* fl,' .(.(' •tIo:i , ! 'vbol was new to all of them.

T'hey t)1 ro,,-eivt(a a brieting of 0,C mission or task involved and an ex-
;,IanarLor o' the tIsrplay with and witheut acceleration. They were later in-
1Ividuallv plactd in the flight simulator cockpit for additional familiariza-
ion with the total .•vstem.

Bec.,us- the pilnts had flo'n similar superimposed symbology on terrain
SIdea and wore familiar with the moving base simulator, very little training
,w-as required. The mzst difficult and mosE time consuming aspect of the train-
,ng was spent In th!e apprcach to the hover. During this maneuver the pilot
.;witched the displayed information to ground referenced and changed the scale
tactors by a factor of ten they found them3elves experimenting on how to mdke
the transition from approach into hover. it was during these training runs
that one of the subject pilots devised the following technique:

With the aircraft approximately 300 feet to the rear of the simulated ELF
position and at 100-foot altitude, the displayed position symbol was saturated
,gainst the limit of the display. This subject suggested that a slow descent
rate as well as a forward speed of some small value be initiated and at the
instant the displayed position symbol came off its limits, the subject would
,,o into the hover mode. Having done this, he would then use the acceleration
vector symbol and follow it to the nominal hover point.

The above technique was tried and after many trials it was discovered, that
.i5 long as the pilot kept the forward speed below 5 knots 7 and'the rate of de-
:;cent about 100 ft/mmn he had sufficient time to transition from approach into
hover without overshooting the target.

The method described above was then used to help train the pilots on the
Lransition phase from approach to hover. It worked well for the HA- and ASE
control systems, but when the SAS system was selected, the pilots had moredlf-
ficulty ane required additional training. The major part of the training time
,was used to train the pilots iv-flylng with the SAS.

bKeane, W. P. ; lilelli, R. J., "Precise IF) !Yovering - An Oper'ational heed
a F,•sih7r. ,5olution," AGARD Confer.once, Hay 1971.

7 Mndison, J.; Park, CPT, USAF: fe, Paul J. MAJ, USAF, PAVE Low T2'
•.a.uati. n o" an Electronic Locatin.• ` der CoupZrr Syetem in the HHR-,P Hell- t

pter," Technical Report No. 73-47, )vember 1973.



Onice again, It should be, noted that the major pilot objection was only in
the transition phase from approach to hover but as soon as hover was establish-

*ed, pilots quickly damped the aircraft oscillations and performed the required
tasks well. Training data was collected and when the results began to corre-
spond with those of past studies, tonmal data collection was initiated.

(7) Cell Breakdown. Thirty one (31) cells were selected for the ex-
periment. They consisted of a baseline cell used in a previous experimentl
without acceleration; four pure acceleration gains, two velocity gains, two
position gains, three control systems, and one attitude displayed acceleration
gains.

The attitude acceleraticn was not used with all combinations of position
and velocity, because another gn'up was to investigate it. A )wreakdown of the
cells Is shown in Figure 8.

4. DATA REDUCTION

An on-line digital data reduction program was used. The variables con-
sidered Important for this study were the radial grouuz! position, altitude.,
aircraft flight variables (Attitudes and rates), and pilot control movements.

These variables were sampled at 5 s-amples per second. The di~z~tal progr~a
calculated the mean, standard deviation, rms, variance, and maximum-mh.muwm
values for each variable for the 2-minute hover, and the results were outpbtl
on the line printer (Figure 9). In addition to the above, the observer also
recorded the time required by the pilot to minimize the positional errors to
-his (pilot) acceptable level. before data collection was initiatet-I

a. Presentationsl. The results obtained from the four-subject pilots
during the experiment were simplified as to the numtber of variables (see Com-
puter Printout, Figure 9) analyzed and the most significant and inteiresting
cells of the experimient are shown *with mean,. standard deviation.., root mean
square (was) and range in bar graph fano as a function of' radial ground posi-
tion performance and control systems'(See Appendix C, Figures C-1 through C-10).
From these bar g'raphs a selection was made of the cells that gave the best re-
sults in mean, ras radial ground position and mean altitude.

b. Anaysis. As stated previously, this study was primarily designed to
determine the opt imi accelerationi and velocity vector gaius that reduced the
horizontal position errors to a ilaiM= level Independent of control systems
and without pilot objection with respect to "work-14od.' Because the expert-
sent consisted of two different velocity vector gains with three combinAtions
of acceleration vector gains, the results for moinimal radial was and m~esa
ground position f or each velocity vector gain and its'combination of three cc-
celoratioiw werecompared, and the optimaw acceleration-velocity vec~tor was
selected. Also,, the results obtained Using the accelenatioc Was included In
the selection.'

The above selection of acceleration-velocity gains are shown with the
baseline data as functtions of, radial sm and radial mean ground and coutrol

14



Run Cell P Velocity Attiude cust
No. No. Control ft/in. fps/in. frs/in. O'I Rep f

S I ASE 25 5 0 o 1 6.0
2 2 SAS 25 5 0 0 1 6.0
3 3 HAS 25 5 0 0 1 6.0
4 4 HAS 25 5 2.0 0 1 6.0
5 5 SAS 25 5 2.0 0 1 6.0
S 6 ASE_ 25 5 2.0 0 1 6.07 7 .ASE 1 12.5 5.0 -" 3.0 0 16.C

8 HAS . 12.5 " .o 3.0 0 1 6.0
9 _9 _ SAS 12.5 2.0 3.0 0 1 6.0
10 10 SAS 12.5 2,5 1.33 0 1 6.0
11 1.1 HAS 12.5 2.5 1.33 0 1 6.0
S12 ASK 12.5 2.' 1.23 0 1 6.0
13 13 SAS 12.5 2.5 2.0 o . 6.0
14 14 VAS 12.5 2.5 2.0 - 0 1 6.0
15 is5 AS 12. 2.5 2.0 0 1
6 1612. 2.5 3.0 0 -. 0

~~ HAS_ 12•!.5 1 6.0 o i- ••oi117 17 SAS 12.5 2.3 3.0___ 0 1 6.0-
18 is ASK 1.2.5 2.5 3.0 0 1 6.0
19 -9 HA 12.5 5 1.33 0 1 6.0
20 20 SAS 12.5 5 1. 32 0 1 6.0
1 21 ASK 12.5 5 1.3 0 -1 6.0

22 22 1•.5 5 2.0 1 6X.
3f S12.5 _ 5 200 1 6.0

24 1 . A 12.5 5 2.0 0 1 6.0
H5tAS 12.5 500 1 6.0

._261 26 ASE 2.5 S0 01 .
27 2? ASE 25 5 3 0 I -6oS-.. -•V'•-':• •--'• .. :-- Li•'.i a-.a. -!... 6.0• -

12 9 UA 1.5s 2.5 04Ii. 1, 6.030 3w ASE. _-2,2 . s 0 4 , j. ..

r31 I 31 SAS 12.5_ 2. O1 4O1*

"Figure 8. Cecl. breakdowm
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agapilot workload t. 7, ht; siome "elaborate" technique. ý

srtck rms signals wert u Th. -.a are. shown in Figure 14 ar,
ttcons of rmis ground po!si tI(!.tr ro r~. t~ir the c.isee of acceleration-vv),_a
mentioned above. I hi!. o H ,ui., cit'otigli not a true Indication o~f

-,ad. still gives an indifcat If:, oc stick move~ment as a functi'a'

31t as well as posit f'~n .~aa

Finally, the aircraft aiUt i,!c iattictide rate rms and range valuesa

:awin Figures 15 througih 18 ,is :'ncr ,!on-i of control. The selection of rt,.

ti variables wag to P1vaaA;k (1- ire~ratt re~sponses with the three tao.!rt

LJBJECT PILOT C(ThflE~

rHefore the actual experin:, 'i w~i." o,aai-i.ttd, i traiining period was re,
.d. During this tcn inini- pt' -a.r ahet pt 1ots flew~ the threi.

s ystems, ASE, SAS, and ii,, :., h~I ,tKvvocit,-- vact or and position, 16,j

ia't the acceleration vect-r.

The pilots were required tc: a. ~ ppioa~ii to ~I hover, and at hi4 I.tIA-
iaan baegin the data collectfi;,n. ';)I AI JufeCL: Ateeed Lo~ Iisie no difrI, III t

tha ASE and HAS ivmt~etn. ia~cLbey complained stroangly Sbout 0i, 4ac,-
qualities of the helteopi~er urth the ýAS isyntem. Trhey felt, that thet

za was "unnatural"# to fl7. It .0;0, ptrprisfy Inte.nded to have such largi. i~.*

t~. tons In controt syfltams ta torrtar to determine the tiiefiilnoris of the
.-ratiton vector.
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gecause of the ditfivuity on-ountered by the pilots with toi• SAS, most of
toe craiining time was spent on thi co-Utrol system. When they felt that they

:Iad suffLcient timt on SA'-, then tihe baJance of the Zraining period was con-
ducted with the ac•.elerattcr vector, v_,oe'tr vector, position, arnd each one

of rne three control systems. Their rirsz Jmipres-:inn of the acceleration was
that it was t~o ".erky," that is, it moved too fast and was unpredictable.

With additional training, they began to become more confident in being able to
u:ýo he dhl:,leratton not only Vo hold position, but to also stabilize and im-

pr'ove the handling qualities of the SAS system. The comment that acceleration
wns a must with the SAS system, was stated repeatedly by the subject pilots.

As to their workload, once tley began to understand the use of the ac-
"leratiu;' \veror, the"( did net see.m to mind the jerkiness, although they con-
idered clemsel''es tc be "workving' harder.

In sun-uwry, all stibjocts aareed that they wanted a medium level (2 ft/s2

to1) of the acceleration vector but werr, not really sure wily they wanted it dis--

played. One comment was that Witn acceleration displayed, the pilot knows
"where the stick is centered." Another comment was that the acceleration
vector "tells him which war to go." Still another was that now he "does not
h3ve to look at attitude information."

In the compariso" of pure sc-c',lertion verso,;s ,ttitude displayed, their
generZil comment was the attitude Terived was T',,-re predictable and less seCOs'i-
civye, 'or they ftlt that it ws "iuggish" compared to the pure accteacation

0. DISCUSSION OF RESULTS

The goa, l.of this experiment was to ';imulnte and determine the optimum
displayed gains for the accelerations and velocity svmlbology as a function o4
three different control systems. Thk- results of the simulation were to be in-

* corporated in the RAVE precision hover flight test program.

The hasline usted to evaluate the pot.otial of the acceler:ttion vector
was taken from a previous study.1 Thi baaeline consisted of displayed grou-id
position and velocity symbology gains of 5:1 rat to per inch of travel tn the
d i s;p lay.

'sing the above as '4 bas'i linV, the eel Is shown it. Figure 8 were fomed..

Included in these. cells were, tuwo velocity '.emtor gains of 5 ond 2, ft/-, oztd
*hree acceleration vector gains of 3 ft/i1 2 , 2 ft/g2, and 1.33 ft/r per tSth of

travel tn the display. Tho criteria for ýtilecti.,g the optimuin dtsplayeti ga-hiu
wre based on rho hov,•r p, r.forr,•.t and sutihect p1.:. comments. The averaged

results of the mean standard deviatiao, rms and range (peai values) for thi
SonV siubject pilots arce :houn iti hargraph frm It, V'tgure; .- thro-.gh C-

1q). A comparison of the perforrmance of the three accelzition gains with th,
three control systemu and the. t, velocity gains are shown itt Figures 11 and
12. An additional comparrqon or performance is made of the attitude wIth the
pure acceleration in Figure 13.
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In general, the results indicate that any of the acceleration gains with
either velocity combination is helpful to the pilot in reducing the radial
ground position errors to less than 2.0 feet (rms) as compared to the baseline
of less than 5 feet (rms). However, the radial dispersion in ground position
performance for each control system with the three accelerations and the two
velocities are approximately 1.1 to 1.8 feet SAS, 0.95 to 1.35 feet ASE, and
0.65 to 1.0 feet HAS (Appendix C, Figures C-14 and C-15).

The only significant dispersion in radial position with different acceler-
ation gains can be found with the SAS system. The slight differences of per-
formance between the ASE and HAS control systems with the different accelera-
tion gain might be due to the display washing out the effects of the control
.;ystem a; well as the acceleration.

From the curves shown in Figures C-14 and C-15, and pilot comment as to
the preferred acceleration gain, a selection of the appropriate cells was made.
These cells were judged on minimal position errors and consistency throughout
the three control systems. This choice along with the baseline cells is shown
in Figures I and 2, following this discussion.

Included in this selection are pure acceleration gains of 2 ft/s 2 and the
attitude gain of 4 degrees per second per inch of travel on the display. Both
velocity gains were also selected since the differences in position error is
less than 0.25 feet for the above mentioned acceleration gain.

For the above selection, some additional analysis was performed. The
pilot's performance in descent to the prescribed hover altitude of 50 feet was
best accomplished by the displayed attitude. The deviations about the 50-foot

- reference were less than 3 feet for SAS, 1 foot for ASE to almost zero for
HAS (Figure 3),

Another variable that was recorded was the time ruquired by. the pilot to
make the transition from approach to the hover maineuver and to minimize the
position error to his liking before he initlated the data collection progravi.
Thiis parameter was of interest since it gave some baseline information as to
flight time required in the terminal maeuvers. The time required is a f unction
of fuel burned and as such it is an lmr.orraiit parameter. The results of the
above are shown in Figure 4. The acceleration with the low level velocity re-
" quired minimum tIme: 26 second- with SAS, 21 seconds with ASE, and 19 seconds

with HAS. There is, however, no appreciable difference between the results
stated from those of the baseline coli, but there is a significant difference
between pure acceleration anti attitude with HAS of approximately 10 seconds
increase. One explanation for this increase can best be derived from pilot

.coment. The pilots felt that with the HAS system and displayed attitude "the
system felt sluggish." The pilots had adopted a techniquC of small cont-ol in-

puts from approach into hover for flying the more responsive SAS and ASE sys-
temA. They apparently were using the same technique while flying the. HAS, but
this system is much more dampened. More control movetent was required to
achieve higher velocities to minimize the position errors quicker and tihe sub-
jects were antizipacing driving the system into itstability.
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Pilot workload was also measured by recording the rms stick position
(loagituulual and lateral). °,l ,'gure 5, the results of the baseline and the
orevious selected c. As arc snron as functions of rms ground position and rms
courrol displacemien.. The mOak obvious observation is that the acceleration

.'otur 'f duce-. the ad~iaI po.iti-.. e-aror trom approximaLely 5 feet to less
rhn 1.* c.t. and 'Ct5e ,'-:n-rrt, d i 1 acement from 0.75 to 0.5 inches rms for SAS.
.-or the ASE, position errors reotxro-d from 1.8 feet to about 1 foot without any
,apparent stick displacement improvemernt. The HAS system shows improvement in
r•adial ground pos~tion frow 1./ foot to less than 1 foot and stick displacement
from 0.35 to 0.15 inches.

"Finally, the aircraft attiLudes and iates for pitch and roll for the so-
ected -iccelera-ion and velocity celLs, as well as the baselioe, are shown in

1'igures 6 through 9. TIn general, displaced acceleration or attitude with
either vc!ocitv combinations tend to reduce or dampen the aircraft oscillations
The pitch rims attitude was less '.hla, 0.4 degrees and pitch rate about 0.6 de-
grees per second with a negative slope is a function of more complex systems.
The peak values ftr pitch attitude and rate were 3 and 4 degrees per second
vith the ';ame gererail negative trend with more eomplex control system. The
Orely significant improvement (30-40 pc.rcent with displayed acceleration or at-

ttiude) in aircraft pitch oscillationas can be observed with the SAS control
systems. Vhe acctieratiop vector tends to provide the dampening ;equirecd to
• ake this system compatible to the ASE or HAS..

In the roll axis (Figures 8 and 9), the acceleratiun vector seems to have
i :tore pronounced effect. There Is generallyv greater thin 5C-percent reduction
trom the baseline roll attitudes aud rates for the SAS and HAS systems and ap-
parently no change at all wizh ASE. The reduction is equivalent to the level
,at the ASE system. This Is probably due to an increase of artificial dampen-
ing provided by the acceleration vector andi along with the ITED display tend to
washout the effect of the different control system.

In sumuity, the results obtained in the TASS Simulavor indicate that the
a..cc.leration vector, whether its pure or attitude derived, can be used with
different control system augmenttl.s to perform precision hover rasks ot
leis- than 1.5 feet rnuv. The iindt!lg also shoWs that the a-cedlraloation vector
with the ITI-l display tends to washout the control system augwenta.tions is
Swil as reduce thk pilot, workload.

*- CoNW VS 'IS AND RT.OMX;,I 11,S

'ta. o iuluns. Sev-ral conclus ions can hte i&, de from the experiment
'data., th1 PNes.Iting data analysis, and the tit'e of pilot comeant"

'() Displayed accteorttoi was revntired tit cnuaklt' pilots, to s4atl.•.
iisotority stabilize the helicopter me-lel when equippet'd with a SAS l light con-
trot 3ystea.

(2) Rean pasition accuracies in the order of 1 foot and less can be
obt Laained with 0anual control and the acceleration vec.tor ,ta the diqplal.

1W (3) itff ren in gi'rounld position error. due-to a variation of ac-
c.•Ieration vector .iatns were washed out -by the AAS sys tem.
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(4) The acceleration vector washes out aircraft flight variables of
rate and attitude.

(5) Ideal or pure acceleration, velocity, and position gains of 2

ft/s 2 : 2.5 ft/s: 12.5 ft/inch displayed were found to give the minimum radial

ground position performance.

(6) The approach velocity to hover had to be restricted to less than
5 knots in both axis to avoid overshooting the target.

(7) The acceleration vector was a driving device in forcing the pilot
to better his performance.

(8) Pilot comment was that the acceleration vector made them "work"
harder.

(9) The pilot performance is reduced by a factor of two with the ac-
celeration vector and the SAS system, yet the rms workload stick movement is
identical to that of the ASE without the vector.

(10) The average time required by the pilot to minimize his errors to
an acceptable level before data collection is initiated is about 20 to 25
seconds.

b. Recommendations. It is highly recommended that some of the results
obtained in this study be incorporated and flown in the Research Aircraft for
Visual Environment (RAVE) flight tests to include:

(I) Pure acceleration derived from the gimbal mounted accelerometers
2 ft/s 2 per inch displayed.

(2) Attitude derived acceleration 2.25 ft/S2 per inch displayed.

(3) Low velocity and position sensitivity of 5 ft/s: 12,5 ft/inch
displayed rather than the high velocity sensitivity of 2.5 ft/s since the noise
of the velocicy senoor will appear on the display.

(4) If potsible, to dl eiigoge the AFCS and fly the aircraft with the
SAS aM the acceleration vector or actitude.

30



APPENDIX A

L'IELiCtOrTER ROOT LOCUS ANALýSlc

HfEL1WPT!FR MODEL

The 1Ineartited equations o' mnotion for 
the CH-53A helicopter used in the

ma~n/machine simulation and the. analysis are shown below.

-u 
(S -7'.) U-0 S 

A w

mu - 14w SS(MW + MC,)M I L
1XBJS XAOS -

ZB ~ZAOý A A(S + zu AI.Ug

MBIý MAOS

Lateral-Directionlal AxEis

F-(5  Y1) -Y pS g -YrS + 1Jo-..v A V

Sv !2-L' 9) -L'S +

-Nov -o p S(S
2-N'rS + UON'V)j

V'ATS L"' TR + + -VA\NoI N1~
AIS
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The dimensional derivatives for the hover condition used in the simulation and

for the analysis performed are indicated below.

Longitudinal-Vertical Axis Lateral-Directional Axis

Uo Ft/S Hover

k -0.0154 Yv -0.0352

4X 0.0 YP -1.43

Zu 0.0 Yr 0.850

ZW -0.303 L'v -0.0128

NU 0.00204 L' -2.31P

l4 0.0 L'r 0.0946

S0.00075 
N'v 0. 0053

(Uq + -o0.438 N' 0.0166
p

0.0 N' -0.236MQ r

32.2 g 32.2

Xvis 32.8 YAIS 33.2

XAOS 0.0 YOTR 18.9

ZaBIS 0.0 L'AIS 22.4

ZAOS -276.0 L'nT 2.18

TM azs -4.32 N'As

"
MAOS O.680 'omR -3.12

Using the above stability derivatives and the root locus twethod, an anal-
ysis wat performed to nvweutfgate the effect of displaying acceleration, vel-
otity and poenition on longitudintl o.unal hover performance. The aunilysis
also includes the effects of the ASE and SA\S feedback control system since
these aystem& provide the inner loop closures. The block diagr" below shows
the ba.ic matrix set up used to so lvee helicopter equations to perform the

required a•alysis.
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Xc (Xe XK A

where A = Heliz-opter Dynamics Matrix

B Helicopter Control Matrix

F - Helicopter Feedback Matrix

KD = Display Gains

Ii - Display Dynamics

K Pilot Gain

. Position Reference

Xg. * Position Error

X Position Output

The first controi Kystta to be iavO•tigited v4. thw- Automatic Stahliiza-
tion Equi)•nt CASO). Thi. systcf pr,'.videH pitch rate and attitude auto.at-
tcilv an, d is represenited below..

B81 S +* (0.32s + 0.594) A-I

The cloqed loop transfer iunctiln fot '/BlS with the at•hve equation in thie
inner loop closure becowe;

- -. 33 (S + 0.00fG.') ( + tf .3) A-2
B, (S + 0.026) (5 + 5.1) (1 4 0.91 + jl.31)
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The dominant roots for this attitude loop closure shown in Figure A-I is the
complex pair

S + 0.91 + jl.31)

This pair of closed loop roots show that the aircraft has a natural frequency
of Wn = 1.59 and damping ratio F = 0.57. With this attitude or inner loop
closed, the position open loop transfer functions after solving the matrix
equation for X becomes

BIS

X = 32.8 (S + 0.3) (S + 0.22 + j2.07) A-3
BIS S (S + 0.026) (S + 0.3) (S + 0.91 + jl.31)

To this open loop transfer function, displayed velocity and position were
added. It should be noted that the simulation study as well as this analysis
include only the rmanual precibion hover task. The automatic precision hover
was not covered. This technique should be investigated in a future study.

For the manual hover task, the displayed symbology may be viewed as a
feedback device with displayed symbol gains as the feedback gains of an auto-
matic system. The first set of symbols displaying velocity ant position were
determined in Reference 6 to be in the ratio of 1.0:0.2 (velocity.: position)
and may be expressed as

rsT - K. (S + Kx) - 0.4 (S + 0.2) A-4

The sum of velocity and position introtdutzes a lead term or zero in the
ntwerator of Equation 3 by direct substitution.

Since the pilot is the active controller in the maual Ihover task, a
pilot MW-el is required. A simplified model which assumes the pilot to opnr-
ate as a pure g$ain, KP is used. It is also asstrued that the pilot utilizes
each of tile displayed sntbol Vains in the ratio that they appear to perform
the hever task. The new optmi loorp transfer function using kquations 3 and 4
and the pilot gain 4.p new becomes

X 32.8 (0.4 K (S + 0.2) (si 4.2- + .2.07) (S + 0.3) A-5

S (S .01026) (S + 013) (S 4- 0.91 J J,11)

The root lc"os of th,- above transfer function with varying pilot gains K.n .'s
sho.m in Figure A-2..

When acceleration, velocity. and position are displayed in the r. !io of
1;.8:..16, respectively, tile feedback control eqaation becrmes

BA-S I X s2 + K,ý S + K.t) - 0.5 (S2 + 0.8 S + 0.16) A-6
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j The vectoi sum of this equation introduces a do'able lead term in the turn-
erator of Equation 3 by direct substitution.

The open loop transfer function using Equations 3 and 6, and the pilot Kp
becomes

7. 32.8 (0.5 %).•S2 + 0.8 S + 0.16) (S + 0.22 + J2.07) (S + 0.3) A-7
BIS S (S + 0.026f (S + 0.3) (S + 0.91 + Jl.31)

The root locus of this transfer function with varying pilot gain Kp is shown
on Figure A-3.

A comparison of Figures A-2 and A-3 indicate that there is no significant
Improvement in controlling position for low pilot gain K with and without ac-
celeration. However, as the pilot increases his gain (Fp -'0.1), the damping
of the dominant roots without the acceleration displayed (Figure A*2) tends to
be reduced. This reduction in damping forces the pilot to generate additional
lead from some other source to dampen the aircraft positional oscillations.

The analvsis of displayed acceleration, velocity, and position was also
carried out with the SAS system. The closed loop transfer function for 6
with the pitch rate in the inner loop is BIS

0 4.33 (S + 0.0001)(S + 0.3) A-8
Bis (S + 0.3) (S + 1.85) (S - 0.008 + J0.19)

The closed loop roots are shown in Figure A-4. It should be stated that to
generate the SAS only, the attitude loop of the ASE system was set equal to
zero, thus proving a SAS system. The particular gain 0.33 6B does not seem to
be sufficient to make the system stable. This unstable closed loop system
was solved for the manual position control of X which is

BIS
• ~X L." 38 (,S +,102 (S 4S.+) .22 +J2.071_ _ ,-

BIS S (S + 1.85) (S + 0.3) v(S 0, 008 + J e.19

To this transfer function velocity atWd positioo, were added to provide a lead

term or zero shomn by

SI X (S + K*, 0.4 (S +C.2) A-10x

as was doue with the ASE case. The opew loop transfer function becouies

X- 3..(+) (S + .2 J2.0) A-1l
Bts S(S + 1.s) (8 + 0.3) (S - 0.008) JO.19)

"•nd Its root locus is s -own in Figure A-5.
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Acceleration, velocity, and position were also added in the sa ratios
as the ASE case

BIS - 0.5 (S2 + 0.8 S + 0.16) A-12

x

This displayed function provides a double zero or lead term• to the .7•lot. The
new transfer function with Kp as the pilot gain is

X 3 2.8 (0.5 Kp) (S 2  + 0.8S+ 0. (S + ) 0.22- 12.07)
BSs S (S + 1.85) (S + 0.3) (S -0.008 + jO.19)

A-13

Ut3 root locus is shown in Figure A-6. A.comparison of .igures A-5 and A-6 in
.Jicztes that for low pilot gain KP < 1.0, the position control with only vel-
ocity and position displayed is unstable. The addition of acceleration pro-
"-tides the pilot with enough lead time to make the posir.ion control task pos-
sible without instability even for pilot gains Kp < 0-,1.

In summary, this analysis shows that displayed ,.cceleration does increase
positional stability and damping. It also shows that an unstable system cau
be driven inLo stability with less demand on pilots to provide high gain and
iend compensation.

2. STABIL ZATION

Three control systems were used in the experiment. The feedback as well
:,s the forward path gain are shown below.

a. Automatic Stabilization_ . EJ'me. I(ASE.,

i- (It) Pitch.

U! "( '

+?
VA LOUTS
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(2) Rull.

STICK

(3) Yaw.
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(4) Collective.,

COLLECTIVE

3. STABILITY AUGMENTATION SYSTEM (SAS)

a. Pitch.
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b. Roll.

STICKi

c. Yaw.

'On

; •JLJ ................. . .... i'':lll: I~l' ................. .. "'" " ".."Z ..... ... "... .. ...



d. oe ve

COLLECTIVE

4.HOVER AuGmEnTATION SYSTEMI (RtAS)

a.Pitch.

Vf b
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i b. Roti.

tt

I? z, 5 fpa/ In
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d. Collective.

RADAR ALTITUDE SET

+ t 
10|

COLLEVTIVE
STICK
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APPENDIX B

WIND GUST GENERATION

A simplified diagram Is presented to show the first order filter and also
the analog response of the gust.
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APPENDIX C *

SU1f• R OF RAW DATA

Here the raw results obtained from the four subjects are presented in
Figures C-I through C-15.
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